Gray matter pathology is increasingly recognized as an important feature of multiple sclerosis (MS), but the nature of the immune response that targets the gray matter is poorly understood. Starting with a proteomics approach, we identified contactin-2/transiently expressed axonal glycoprotein 1 (TAG-1) as a candidate autoantigen recognized by both autoantibodies and T helper (Th) 1/Th17 T cells in MS patients. Contactin-2 and its rat homologue, TAG-1, are expressed by various neuronal populations and sequestered in the juxtaparanodal domain of myelinated axons both at the axonal and myelin sides. The pathogenic significance of these autoimmune responses was then explored in experimental autoimmune encephalitis models in the rat. Adoptive transfer of TAG-1-specific T cells induced encephalitis characterized by a preferential inflammation of gray matter of the spinal cord and cortex. Cotransfer of TAG-1-specific T cells with a myelin oligodendrocyte glycoprotein-specific mAb generated focal perivascular demyelinating lesions in the cortex and extensive demyelination in spinal cord gray and white matter. This study identifies contactin-2 as an autoantigen targeted by T cells and autoantibodies in MS. Our findings suggest that a contactin-2-specific T-cell response contributes to the development of gray matter pathology.
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cortical pathology ͉ experimental autoimmune encephalitis ͉ Th1/Th17 T cells ͉ node of Ranvier ͉ myelin glycoproteins M ultiple sclerosis (MS) and experimental autoimmune encephalomyelitis (EAE) are usually considered as immunemediated inflammatory disorders of the CNS (1) (2) (3) . Over the years, several myelin antigens, including myelin basic protein (MBP), proteolipid protein (PLP), myelin-associated oligodendrocytic basic protein, and myelin oligodendrocyte glycoprotein (MOG), and nonmyelin antigens such as S100b and neurofilament have been shown to be capable of inducing EAE (1, 2) . Antigen microarrays comprising protein and lipid autoantigens have been used to analyze immune responses in MS and other autoimmune diseases (4, 5) and recently provided potential biomarkers for subtypes of MS patients (6) . In analogy to EAE, the striking clinical heterogeneity of human MS is often explained by the assumption that different myelin and nonmyelin antigens are targeted in different patients. In human MS, however, the precise role of these candidate antigens remains to be defined.
Recently, attention has been redirected toward neuronal and axonal damage in MS (7, 8) , based on classical findings in neuropathology (9) (10) (11) (12) , together with advances in clinical imaging techniques (13) (14) (15) . Gray matter is affected at many sites throughout the CNS, including the basal ganglia, hippocampus (16) , spinal cord (17) , and cortex (10, 11, (18) (19) (20) . Recent imaging studies showed that damage in the gray matter reflects disability to a greater extent than lesions in white matter (14, 15) .
In this regard, the following key questions have remained unresolved: We started out with an unbiased proteomics approach based on affinity-purified glycoproteins from human brain tissue to probe the antibody repertoire of MS patients for reactivities. We thereby identified the axoglial protein contactin-2/transiently expressed axonal glycoprotein 1 (TAG-1) as a candidate autoantigen, which was recognized by both autoantibodies and T helper (Th) 1/Th17 T cells. Contactin-2/TAG-1 was originally discovered to be transiently expressed on axons during development, and was therefore named TAG-1, a term still used for the rodent orthologue. Contactin-2/ TAG-1 is expressed during adulthood in the juxtaparanodal region of myelinated fibers by oligodendrocytes, Schwann cells, and axons, where it interacts with itself (21, 22) . Contactin-2/TAG-1 is also expressed by neurons in the gray matter of the hippocampus (23) and the spinal cord (24) . This distribution led us to speculate that autoimmune responses to contactin-2 might be involved in the development of gray matter lesions in MS. Indeed, our functional experiments in EAE showed that contactin-2 (TAG-1)-specific T cells induce gray matter inflammation in experimental animals, paving the way for antibody-mediated cortical demyelination.
Results

Identification of Contactin-2 as a Candidate Autoantigen in Multiple
Sclerosis. An autoimmune response to contactin-2 was detected in patients with MS using a proteomics-based analysis of the diseaseassociated autoantibody repertoire. As the target in this screen, we used a preparation of lentil lectin-binding glycoproteins isolated from human myelin. This protein preparation contains purely myelin proteins and proteins shared by myelin and axons (25) . This approach allowed us to investigate autoreactivity to a subset of quantitatively minor glycoproteins that may be exposed at the membrane surface. This glycoprotein preparation was highly enriched in several well-characterized myelin glycoproteins, including MOG, oligodendrocyte myelin glycoprotein (OMGP), and myelinassociated glycoprotein (MAG), whereas the major structural proteins MBP and PLP were largely depleted (Fig. 1A) . Screening this glycoprotein preparation after resolution by 2D gel electrophoresis by Western blotting using Ig preparations from patients undergoing immunoadsorption therapy (26) identified a series of spots migrating with an apparent molecular weight of Ϸ100 kDa (Fig. 1B) . This pattern was seen in 3 of 5 MS samples but in neither of the 2 controls (cardiomyopathy and peripheral neuropathy) used in this initial screen. Mass spectrometry analysis of 2 spots excised from silver-stained gels identified the parent protein as contactin-2 with sequence coverage of 19% and a probability for alpha error of 0.005. The identification of these spots at about 100 kDa as contactin-2 indicates that they represent the low molecular weight form of this glycoprotein (24) .
Autoreactivity to Contactin-2 in MS Patients and Controls. Following the identification of contactin-2 as a potential candidate autoantigen in MS, we investigated whether patients developed a diseaseassociated T-cell response to this autoantigen. We compared the proliferative response of peripheral blood mononuclear cells (PBMCs) of MS patients (n ϭ 9) and healthy controls (n ϭ 8) with contactin-2, MBP, tetanus toxoid, and staphylococcal enterotoxin B (SEB). The response to contactin-2 was significantly increased in MS patients compared with healthy controls (P Ͻ 0.05), whereas the proliferative response to the other antigens was similar in both groups ( Fig. 2A) .
We then investigated the cytokine profile associated with this antigen-specific proliferative response focusing on IFN-␥ and IL-17, both of which are implicated in the pathogenesis of MS (2, 27, 28) . At a concentration of 50 g/mL contactin-2, an IFN-␥ response was detected in 9 of 12 MS patients after direct ex vivo analysis by enzyme-linked immunospot (ELISPOT) assay, with a median frequency of 7. Table S1 ]. These contactin-2-specific IL-17 and IFN-␥ responses were markedly increased following antigen-specific restimulation in vitro, as shown by both ELISA and ELISPOT assay ( Fig. 2 C and D) . Contactin-2-induced IL-17 production was magnified by the addition of IL-15 and IL-23 to the cultures after the primary stimulation (29) (Fig. S1 and Table  S2 ). As anticipated from studies of T-cell responses to other CNS autoantigens (2), we also observed antigen-specific responses to contactin-2 in our control donors [IFN-␥: 3.1 cells/2 ϫ 10 5 cells (range: 0-17 cells); IL-17: 1 cell/2 ϫ 10 5 cells (range: 0-5 cells); Table S1 ].
In addition to investigating the antigen-specific T-cell response, we characterized the autoantibody response to contactin-2 by ELISA. Sera from 153 subjects were analyzed [56 MS patients, 45 other inflammatory neurological disease (OIND) patients, 12 noninflammatory neurological disease (OND) patients, and 40 healthy controls] as well as 84 cerebrospinal fluid (CSF)/serum pairs obtained from 24 MS patients (16 patients with clinical definite MS and 8 patients with probable MS), 35 OND patients, and 25 OIND patients. A serum antibody response to contactin-2 was detected in the majority of donors, irrespective of their clinical status (Fig. 2E ). However, there was a significantly higher IgG response against contactin-2 (median ϭ 0.2) in CSF from MS patients than in that from OIND patients (median ϭ 0.054; P Ͻ 0.0005), although there was no difference between that from MS and OND patients (median ϭ 0.3; P ϭ 0.67) (Fig. 2F) . Analysis of the corrected antibody index (30) revealed that 17% (4 of 24) of MS patients compared with only 4% (1 of 25) of OIND patients and 9% (3 of 35) of OND patients showed an intrathecal IgG response to contactin-2. Isotype usage was investigated in 24 subjects (11 MS patients, 5 OIND patients, 3 OND patients, and 5 healthy controls) selected on the basis of having high serum titers to contactin-2. IgG2 was the dominant IgG isotype in both MS and control cohorts, were analyzed by Western blot analysis with antibodies to known myelin components. Staining with lentil-lectin and HNK-1 (anti-CD57), which both recognize specific carbohydrates, shows enrichment of certain proteins in the glycoprotein fraction. In particular, MAG at around 100 kDa can be detected in the HNK-1 stain. Anti-MBP and anti-PLP recognize the major unglycosylated myelin proteins that are largely depleted in the myelin glycoprotein fraction. Anti-MOG and anti-OMGP recognize glycosylated myelin proteins that are enriched in the purified myelin glycoprotein fraction. Anti-cyclic nucleotide phosphatase and anti-alpha B crystalline recognize proteins that are present in both fractions. (B) Myelin glycoproteins were separated in parallel on two 2D gels. One gel was used for silver staining (Left), and the other one was used for Western blotting (Right) with immunoadsorption eluates from an MS patient. This allowed the identification of glycoproteins recognized by IgG of MS patients. Two spots with a similar molecular weight (encircled at a molecular weight of about 100 kDa) were cut, and both spots were identified as contactin-2.
whereas some patients also showed a considerable IgM response (Fig. S2 A) . Deglycosylation experiments using 2 of these high-titer sera demonstrated that the autoantibody response to contactin-2 is directed against both glycosylated and peptide epitopes (Fig. S2B) . A prerequisite for this autoantibody response to contactin-2 to mediate any pathological effect is recognition of the native protein at the membrane surface (31) . We therefore investigated whether either IgG or IgM antibodies present in the sera of patients with a high antibody titer as determined by ELISA bound to the surface of contactin-2-transfected cell lines by flow cytometry. Analysis of (Fig. S2C ).
Contactin-2/TAG-1-Specific T Cells Target Cortical and Spinal Cord
Gray Matter. Our observation that the proliferative response to contactin-2 is associated with IFN-␥ and IL-17 secretion in patients with MS led us to speculate that this response could actively participate in disease pathogenesis. We therefore investigated the pathogenic potential of this antigen-specific response in an adoptive transfer model of EAE. Adoptive transfer of 10 7 CD4
ϩ T cells specific for aa 31-240 of rat TAG-1 induced EAE characterized by loss of weight, transient loss of tail tone, and occasional hind limb paraparesis; clinical EAE was seen in 3 of 9 animals (Table 1 ). Histopathological studies revealed that an inflammatory response was present in all animals. This immune response targeted the cerebral cortex as well as the spinal cord white and gray matter (Fig.  3) . A quantitative analysis of the histopathology comprising H&E staining and immunostaining for W3/13 T cells and ED1 macrophages revealed that the pattern of inflammation induced by TAG-1-specific T cells differs from that induced by MOG-specific T cells (Fig. 4) . Whereas in MOG transfer EAE (tEAE) cortical involvement is minimal and the inflammatory response preferentially targets the spinal cord white matter, TAG-1 tEAE showed a preferential targeting of cortex and spinal cord gray matter (Figs.  3 and 4) . This is in harmony with previous observations in EAE mediated by MOG-specific T cells (32) (33) (34) .
In isolation, this inflammatory response induced in the cortex and spinal cord by the adoptive transfer of TAG-1-specific T cells was insufficient to induce either demyelination or axonal injury. However, additional transfer of the demyelinating MOG-specific mAb Z2 (i.p.) 4 days after T-cell transfer triggered a marked exacerbation of clinical disease (Fig. S3 ). On day 6 after transfer of TAG-1-specific T cells, all animals that received additional MOGspecific antibodies showed hind limb paralysis (Fig. S3) . This was associated with demyelination in gray and white matter and deposition of Ig and complement, indicating that the TAG-1-specific T cells were sufficient to open the blood-brain barrier (Fig. 5) . These antibody-mediated demyelinating lesions were smaller and more circumscribed in the cortex than in the spinal cord and reproduced the gross pathological features of small intracortical lesions described in patients with early and fulminant MS (35, 36) . As reported previously, passive transfer of MOG-specific mAb into naive animals failed to initiate any clinical deficit (37) . Similarly, passive transfer of an irrelevant IgG2a myeloma protein into animals with TAG-1 tEAE failed to influence disease severity or pathology, as has been reported in other EAE models (25) . We also cotransferred TAG-1-specific mAbs [4D7 (IgM) and 3.1C12 (IgG1)] into animals with TAG-1 tEAE, but these also failed to have any effect on disease severity. Although both TAG-1-specific mAbs stain the surface of live rat TAG-1-transfected cell lines in vitro (Figs. S4 and S5) , the transferred antibodies did not alter the pathology of the inflammatory lesions, suggesting that TAG-1 is not available to bind antibody in vivo.
Discussion
Gray matter pathology is seen from early in the course of MS and is implicated in brain atrophy, cognitive impairment, and fatigue (38) . The extent of this gray matter involvement increases with time, and quantitative analysis reveals that up to 68% of cerebral cortex (10) and 33% of spinal cord gray matter (17) may be demyelinated in individual patients. The causes of this extensive injury and why lesions develop in gray matter in patients with MS are currently unclear, although roles have been discussed for mechanisms, including chronic meningeal inflammation, secondary degeneration, and antineuronal immunity (7, 38 ). In the current study, we used a proteomics approach to identify contactin-2 as an autoantigen in MS and demonstrate that contactin- Table S1 . (C and D) PBMCs from 2 MS patients are shown. After restimulation, a contactin-2-specific IFN-␥ response could be detected in patient 14 and an IL-17 response could be detected in patient 12 using an ELISPOT assay (C) and an ELISA (D). For a list of all results, see Table S2 . (E) IgG reactivity against recombinant contactin-2 was determined by ELISA using sera diluted 1:400. The ODs corrected for the individual background are shown for each tested patient. There was no significant difference between the different groups. (F) The CSF samples were diluted 1:1 and tested by ELISA for recognition of contactin-2. The CSF-IgG response against contactin-2 was significantly stronger in MS patients than in OIND control patients (P Ͻ 0.0005, t test). There was no significant difference between the anti-contactin-2 reactivity in MS patients and OND control patients. The ODs corrected for the individual background are shown for each tested patient.
2/TAG-1 autoimmunity preferentially mediates gray matter encephalitis and paves the way for antibody-mediated demyelination in the gray and white matter.
Contactin-2-specific T-cell proliferation was higher in MS patients than controls, and this antigen-specific response was associated with secretion of IFN-␥ and IL-17. This cytokine phenotype is compatible with an active role in neuroinflammation. Increased mRNA transcripts for IL-17 are present in MS lesions (39) , and IL-17 has also been identified in infiltrating T cells in MS lesions by immunohistochemistry (28) . Animal models provide convincing evidence that both IFN-␥-and IL-17-producing T cells induce organ-specific autoimmunity (27, 40) . Not unexpectedly, contactin-2-specific T-cell responses were also seen in control donors, reflecting the presence of a multitude of autoimmune specificities within the normal healthy repertoire (41) . Clearly, further studies are needed to characterize the contactin-2-specific T-cell response in MS patients, particularly with respect to activation status, dependence on costimulation, and correlation to lesional topography.
On testing the functional relevance of contactin-2/TAG-1 T cells in EAE, we found that they induced lesions in both gray and white matter, and of particular note was the involvement of the cortex. This was especially striking when we compared these findings with the distribution of lesions in animals with disease induced by the adoptive transfer of MOG-specific T cells in which cortical involvement was minimal. Preferential involvement of gray matter is not commonly seen in actively induced models of EAE (42) (43) (44) , and, until now, preferential involvement of the cortex had not been reported in tEAE. This raises the question as to why gray matter involvement, particularly cortical involvement, is such a prominent feature of EAE induced by TAG-1-specific T cells. We suggest that this simply reflects the distribution of this axoglial autoantigen in the CNS, as previously discussed in other EAE models in which the identity of the target antigen influences the distribution of lesions. Unlike ''classical'' encephalitogens such as MBP, PLP, or MOG, which are all components of the myelin sheath, contactin-2/TAG-1 is also expressed by the myelinated axon itself. Contactin-2/TAG-1 is sequestered within the juxtaparanodal domain of myelinated fibers both on the axolemma and myelin sheath, where it is believed to be involved in the local clustering of axonal voltage-gated potassium channels (21, 22) . In addition, contactin-2/TAG-1 is expressed by a variety of neuronal subsets within the adult CNS (23) and spinal cord (24) .
As in other rat models of EAE, the inflammatory response in the CNS was itself insufficient to trigger demyelination; however, as demonstrated by cotransfer of an anti-MOG mAb, the inflammatory response in gray matter was associated with blood-brain barrier damage, allowing the antibody to penetrate into the CNS to initiate demyelination. In this case, the TAG-1-specific T-cell response is paving the way for antibody-dependent pathomechanisms to mediate tissue damage. The 2 applied TAG-1-specific mAbs failed to induce any clinical exacerbation of disease or to modify lesion pathology. This indicates that in the context of the intact myelin sheath, contactin-2/TAG-1 sequestered within the juxtaparanodal domain is inaccessible to antibody. This is reminiscent of the in vivo features of antibodies to neurofascin (25) . These antibodies selectively targeted the nodes of Ranvier but did not bind to the myelin form of neurofascin at the paranodes. In summary, we identify contactin-2 as an autoantigen for both antibodies and T cells in MS patients and demonstrate in an animal model that contactin-2-specific T cells induce cortical lesions. Our findings (i) provide further support for the existence of an antineuronal adaptive immune response, which is supported by combined evidence from EAE and MS; (ii) provide emerging evidence for the heterogeneity of the antiaxonal response, raising the intriguing possibility that paranodal antigens shared between myelin and neurons might play a special role in MS pathogenesis; and (iii) indicate that contactin-2-specific T cells may contribute to the development of gray matter pathology in MS.
Materials and Methods
Patients and Control Donors. Sera from 153 donors were analyzed. These donors included 56 patients with MS, 45 patients with OIND, 12 patients with OND, and 40 healthy blood donors. The group of MS patients included 36 patients with clinically definite MS and 20 patients with a clinical isolated syndrome suggestive of MS. Because these 2 patient groups did not significantly differ in the various experiments, they are combined in this study. The sources of the immunoadsorption eluates are described in detail in a previous publication (26) . T-cell assays were performed using PBMCs prepared from 15 untreated patients with MS and 14 healthy controls (Tables S1 and S2 ). This study was approved by the local ethical committee, and all patients gave their informed consent for the study.
Purification and Characterization of Myelin Glycoproteins. In this study, we used lentil lectin-binding glycoproteins purified from human myelin. This protein preparation contains purely myelin proteins and proteins shared by myelin and axons (25) . For characterization, individual proteins were identified by Western blotting using a range of different antibodies and antisera (see SI Methods).
ELISA. Recombinant human contactin-2 (produced in a mouse myeloma cell line) was purchased from R&D Systems. Coating was performed at a concentration of 3 g/mL in carbonate buffer on MaxiSorp plates (Nunc) for 12 h at 4°C. Subse- 
